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Atg4b disruption leads to alterations in Lc3, Lc3a, Gabarap, and Atg8l 





Generation and genetic characterization of Atg4b-deficient mice. (A) Top: Schematic representation of 
the WT Atg4b locus, in which the coding exons are depicted as numbered boxes. Bottom: Gene trap 
vector structure containing a splicing acceptor (SA), a bacterial β-galactosidase fused to the neomycin 
resistance gene (β-geo), and a polyadenylation signal (pA). (B) Schematic representation of the WT 
and mutant loci showing the new BamHI (B1) restriction polymorphism generated by the insertion of the 
gene trap vector. The DNA probe used for the detection of the mutant allele is shown. (C) Southern blot 
analysis of genomic DNA from Atg4b+/– and Atg4b–/– mice. (D) RT-PCR of RNA of liver tissue from WT 
and Atg4b–/– mice showing the absence of full-length Atg4b mRNA expression in mutant mice (n = 6 
mice per genotype). (E) Immunoblotting of liver protein extracts from WT and Atg4b-knockout mice 
confirming the absence of Atg4b protein in mutant mice. β-Actin was used as a loading control.
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Autophagy flux analysis in WT and Atg4b–/– mouse tissues. (A) Representative immunoblotting of p62/sequestosome-1 in protein extracts from 
age-matched control and mutant mice fed ad libitum. (B) Immunoblotting analysis of mono- and polyubiquitinated proteins in WT and Atg4b–/– 
MEF protein extracts. (C) Quantitative RT-PCR analysis of p62 mRNA in the liver revealing that the increase in p62 protein levels of mutant mice 
shown in A was not due to an increase in p62 mRNA synthesis. The transcript expression levels are relative to WT mouse p62 expression level, 
which was set at 100%. Black bar, WT; gray bar, Atg4b–/–. (D) Immunofluorescence analysis of endogenous p62 in WT and Atg4b–/– MEFs and 
liver, in which p62-positive structures also stained for ubiquitin. Scale bars: 10 μm. (E) Analysis of starvation-induced degradation of p62 in WT 
and Atg4b–/– liver and skeletal muscle. Representative immunoblots of endogenous p62 in tissue extracts from age-matched control and mutant 
mice starved for 24 or 48 hours or fed ad libitum. Protein extracts from 2 mice per genotype and condition are shown. β-Actin and α-tubulin were 
used as loading controls in liver and skeletal muscle, respectively. LOAD, loading control.
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Analysis of Lc3, Gabarap, Gate-16, Atg8l, and Lc3a status in WT and Atg4b–/– mice. (A) Representative immunoblots of endogenous Atg4b puta-
tive substrates. The analyzed tissues correspond to protein extracts from age-matched control and mutant mice fed ad libitum. β-Actin was used 
as a loading control in all tissues except heart and skeletal muscle (α-tubulin). (B) Quantitative RT-PCR analysis of Lc3, Gabarap, and Atg8l 
mRNA in liver, showing that the alterations in A were not due to an increase in mRNA synthesis. Transcript expression levels are relative to the 
expression levels detected in WT mice, which were set at 100%. Black bars, WT; gray bars, Atg4b–/–. (C) Representative immunofluorescence 
images of endogenous Lc3, Gabarap, Atg8l, and Gate-16 in fed and 4-hour-starved MEFs. Atg4b–/– MEFs showed a reduced number of punctate 
structures containing Lc3, Gabarap, or Atg8l under both fed and starved conditions. In contrast, Atg4b–/– MEFs exhibit an increase in punctate 
Gate-16–containing structures. (D) Representative immunofluorescence images of endogenous Atg5, showing an accumulation of immature 
autophagosomes in Atg4b–/– MEFs. Scale bars: 10 μm. (E) The number of endogenous Lc3, Gabarap, Atg8l, Gate-16, and Atg5 dots was 
counted and divided by the corresponding cellular area (μm2 × 100). Results shown represent the mean quantification values of 5 images in each 
depicted condition for each depicted protein. *P < 0.05 for Atg4b–/– values vs. the corresponding (fed or starved) Atg4b+/+ values.
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Atg4b disruption leads to defects in the proteolytic processing of Lc3, Lc3a, 

























































Immunoblot analysis of hydrodynamically 
delivered, tagged Atg4b substrates. Mice were 
injected with mammalian expression vectors 
containing tagged cDNAs for Lc3 (A), Gabarap 
(B), Atg8l (C), and Gate-16 (D) through the tail 
vein to achieve transient transgene expression 
in vivo. Liver protein extracts from injected WT 
and Atg4b–/– mice were subjected to immu-
noblotting. Note that the absence of Atg4b 
impaired the processing of all of proteins, 
although its impact on Gate-16 was lower than 
in Lc3, Gabarap, and Atg8l. Unknown bands, 
which likewise corresponded to partial deg-
radation products, are denoted by asterisks. 
β-Actin was used as a loading control.
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Figure 5
Balance dysfunction in Atg4b–/– mice reveals a new physiological role for autophagy in otoconial development. (A) Rotarod analysis of Atg4b–/– 
and WT mice. **P < 0.01; ***P < 0.005. (B) Representative image of an Atg4b–/– mouse affected by head tilting (top right) and a WT mouse (top 
left). Insets show the angle of the head. As compared with WT mice (bottom left), Atg4b–/– mice were unable to swim or float in the forced swim 
test (bottom right). (C) Light (top) and scanning (bottom) electron microscopy analyses of WT and Atg4b–/– inner ears. Representative images 
show either the absence of otoconial crystals in the utricle of Atg4b–/– mice (right) or the presence of abnormal otoconia that are oversized, less 
numerous, loose, and occasionally fused (middle), as compared with WT otoconia (left). The blur in the image is due to electrical interference. 
Scale bars: 50 μm (top), 10 μm (bottom). (D) Fluorescent microphotographs of E15.5 GFP-LC3 transgenic mice utricles indicating the pres-
ence of numerous autophagosomal structures (green puncta) in macular and “roof” utricle epithelial cells. The insets show higher magnification 
of the macular epithelium. Scale bars: 15 μm. (E) Light (top) and scanning electron (bottom) microphotographs of WT and Atg5–/– inner ears. 
Representative images showing the absence of otoconia (right) or the presence of giant and abnormally shaped otoconial crystals (middle) in 
the utricle of Atg5–/– mice. Scale bars: 50 μm (top), 10 μm (bottom). (F) Graph showing the relative number of otoconial abnormalities observed 
in WT (n = 5), Atg4b–/– mice (n = 10 for unaffected mice; n = 12 for affected mice), and Atg5–/– mice (n = 5).
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The correct localization of otoconial core proteins is dependent on autophagic activity. (A) Representative immunofluorescence images of 
endogenous otolin, otopetrin, and Oc90 proteins in utricles from WT and Atg5–/– E15.5 embryos showing their mislocalization in the absence 
of autophagy. Both otolin and otopetrin presented a similar intracellular localization both in WT and Atg5–/– samples but were only detected 
in utricle lumen in autophagy-competent embryos (arrows). Oc90 (right) was mainly detected in WT samples inside utricle lumen, both at 
the developing otoconia (asterisk) and as a proteinaceous coral-like structure (arrows). In addition, Oc90 was also detected covering utricle 
epithelial and sensory cells in WT samples (arrowheads in top panels). In contrast, in Atg5–/– samples Oc90 was only detected inside non-
sensory vestibular cells (arrowheads in bottom panels). (B) In P1 WT neonates, otolin and otopetrin were mainly detected in otoconial cores 
(arrows), whereas this localization was not observed in Atg5–/– samples. Similarly, in WT samples Oc90 was mainly detected in otoconial 
cores (right panel and arrow in left panel). In autophagy-impaired neonates, Oc90 localized both in utricle lumen, forming proteinaceous 
coral-like structures (right panel and arrows in left panel), and inside non-sensory cells (arrowheads). Scale bars: 50 μm (otolin, otopetrin, 
and left Oc90 panels); 30 μm (right Oc90 panels).
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Autophagy disruption affects the stability of Ap-3 and Bloc-1 sorting complexes. Representative immunoblots of endogenous δ and μ subunits 
of the Ap-3 complex, and of pallidin and dysbindin components of the Bloc-1 complex in Atg4b–/– (A) and Atg5–/– MEFs (B). Densitometry 
analyses of immunoblottings against Ap-3 and Bloc-1 subunits from several independent MEF lines is shown on the right (n = 6 MEF lines from 
each genotype). The extent of this reduction was more pronounced in Atg5-deficient cells than in those lacking Atg4b. (C) Quantitative RT-PCR 
analyses of Ap-3 and Bloc-1 subunits, showing that the observed reduction in total protein content of the analyzed proteins in Atg4b–/– (left) 
or Atg5–/– MEFs (right) is caused by transcriptional alterations. (D) Treatment of WT MEFs during 24 hours with 10 mM 3-methyladenine, an 
autophagy inhibitor, induced a transcriptional downregulation of Ap-3 and Bloc-1 subunits, thus confirming that autophagy inhibition alters the 
status of these signaling complexes. *P < 0.05.
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Proposed model for the otoconial defects observed in autophagy-impaired mice. At the cellular level, Atg4b and Atg5 disruption affects autoph-
agy by either reducing (Atg4b) or totally impairing (Atg5) autophagic activity. At the tissue level, these deficiencies lead to alterations in inner ear 
otoconial development. In fact, a severe reduction or a total disruption of autophagic flux in vestibular cells causes a dramatic impairment in the 
secretion and assembly of otoconial core proteins. This event is likely associated with transcriptional and other autophagy-dependent alterations 
of Ap-3 and Bloc-1 sorting complexes. All these cellular and tissue events lead to the development of abnormal or giant otoconia, or even to their 
total absence, finally resulting in the balance and coordination disorders observed in Atg4b–/– mice.
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Autophagy-dependent otoconial abnormalities are linked to alterations 










































































































acterized. Currently,  it  is  known  that  some  strains  showing 
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Expression in E. coli. The Lc3 sequence was amplified from murine cDNA. 
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